The combination of a concrete-filled steel tube (CFST) column and reinforced concrete (RC) beam produces a composite structural system that affords good structural performance, functionality, and workability. The effective transmission of moments and shear forces from the beam to the column is key to the full exploitation of the structural performance. The studs of the composite beam transfer the interfacial shear force between the steel beam and the concrete slab, with the web bearing most of the vertical shear force of the steel beam. In this study, the studs and vertical steel plate were welded to facilitate the transfer of the interfacial shear force between the RC beam and CFST column. Six groups of a total of 18 specimens were used to investigate the shear transfer mechanism and failure mode of the plate-studs connection, which was confirmed to effectively transmit the shear forces between the beam and column. The results of theoretical calculations were also observed to be in good agreement with the experimental measurements.
Introduction
The composite structural system produced by the combination of a concrete-filled steel tube (CFST) column and reinforced concrete (RC) beam is often used in China. The connection of the system is key to its application in highrise buildings. Because the longitudinal reinforcements of the beam and the CFST column are uncoordinated around the connection of the system, the construction of the connection is quite complex. To address this issue, Fang et al. (2002) proposed the addition of a ring beam outside the CFST column in the connection area, with the longitudinal reinforcements of the slab beam anchored to the ring beam. The ring beam resists the bending moment of the RC beam by bearing the torsion. The connection surface between the beam and steel tube is bonded with a welded steel ring, which functions as a shear ring for transmission of the shear force. All the specimens of the proposed system used for seismic behavior experiments were found to exhibit good energy dissipation capacities [1] . Han et al. (2005) also proposed two types of connections between a CFST column and an RC beam. The first type comprised a ring steel plate, radial reinforcements, and steel brackets installed through the tubular core, while the second type consisted of ring reinforcements welded to the tube and steel brackets installed through the tubular core [2] . Zha et al. (2016) introduced a newly developed RC beam to a CFST column connection without welding on the construction site and presented a three-stage skeleton curve model of the system. The results of experiments and finite element analyses showed that the connection exhibited good ductility and the ability to dissipate energy and could be used to replace welded connections with reinforcement on the outer annular plate [3] . Chen et al. (2014 Chen et al. ( , 2015 experimentally and analytically investigated the seismic and axial compressive behaviors of a new type of through-beam connection between a CFST column and RC beam, in which a strengthening RC ring beam was used to enlarge the connection zone to compensate for the possible decrease of the axial load capacity due to the discontinuity of the column in the connection zone [4, 5] . Zhou et al. (2017) proposed experimental, theoretical, and nonlinear FE methods for analyzing the structural behavior of three types 2 Mathematical Problems in Engineering of connections between a circular CFST column and an RC beam under axial compression [6] . Kenji et al. (2005) proposed another type of connection in which the steel tube of the CFST column contained horizontal rectangular holes, into which the longitudinal reinforcements were inserted. A steel plate with holes for the reinforcements was then welded to the column and the nuts were tightened. Investigations revealed that the CFST column-RC beam connection exhibited excellent seismic performance and that the performance could be enhanced by increasing the degree of reinforcement anchorage at the center of the steel tube [7] . Further, Yuichi et al. (2000) , Masato et al. (2002) , and other researchers tested T-shaped and cross-shaped connections with longitudinal reinforcements welded to the diaphragm of the CFST column, with the purpose of applying them in track viaducts and subway stations. Low-cycle loads were implemented and the structural system was found to have rigid connections and satisfy design requirements [8, 9] . Based on strategies for maximizing economical filed construction, Kim et al. (2014) proposed several connections between a CFST column and an RC flat plate, and test results showed that they all exhibited a punching shear strength and connection stiffness that exceeded those of their RC flat plate counterparts [10] . Ju et al. (2013) compared three types of connections between a concrete-filled tube and flat plate and proposed a new connection detail wherein an anchored reinforcement bar connection was used in the longitudinal direction, a through reinforcement bar connection was used in the transverse direction, and a wing plate was welded around the CFST column to prevent punching shearing of the flat slab [11] .
Indeed, several scholars at home and abroad have proposed different connection forms for CFST column-RC beam systems. The force-transfer mechanisms of the various connection forms differ and there is still no consensus for investigating their integrity. Nevertheless, there is still the need for the development of a CFST column and RC beam connection with good transmission of the beam moment and shear force.
Studs are used as flexible connectors in steel-concrete composite beams and substantial research has been devoted to their mechanical performance and shear capacity. Okada et al. (2006) used a push-out experiment and finite element analysis to investigate the mechanical characteristics of a group of studs and proposed a bearing capacity reduction factor for considering the effect of the group studs [12] . Shim et al. (2004) also performed a push-out experiment on the group studs shear connectors of a composite beam. The spacing of the studs was limited to no more than five times their diameter, and the resultant shear bearing capacity was assigned a coefficient [13] . Jorge et al. (2012) tested the shear behavior of stud connectors and proposed a formula for calculating the shear capacity, taking into consideration the longitudinal spacing and the length-to-diameter ratio of the studs [14] . Zhou et al. (2014) investigated the mechanical characteristics of the group stud shear connector of a steel anchor box. They conducted a finite element analysis of the effect of the group studs and their main influence factors and determined the bearing capacity reduction factor for calculating the shear capacity of the group studs connectors [15] .
The vertical steel plate of a composite structure functions as the web of the structure and therefore bears the bulk of the shear force acting on the structure. In the design of the shear strength of the composite beam, all the sectional vertical shear forces are assumed to be borne by the web, in accordance with the Code of Design for Steel Structures GB50017-2003 [16] , American Standard (American Institute of Steel Construction) [17] , and European Code EC4 [18] , which also include the formula for calculating the shear capacity of the web.
Based on the advantages that the transmission of shear forces by studs and vertical steel plates affords, this paper proposes a new connection between the RC beam and CFST column in which the longitudinal reinforcements are passed through the panel zone. The studs and vertical steel plate are welded to the tube wall to transfer the shear force. The shear behavior of the interface of the proposed connection was examined using six groups of a total of 18 specimens to establish the shear transfer mechanism and failure mode.
Configuration and Failure Mechanism of Plate-Studs Connection
Connection through the longitudinal reinforcements of a single-beam that passes through a CFST column is the method recommended by the Technical Code for ConcreteFilled Steel Tubular Structures GB50936-2014 [19] . In this type of connection, the bending moment of the beam is directly transferred to the concrete in the tube through the longitudinal reinforcements. This prevents the transmission of the bending moment to the concrete within the tube when the tube wall is separated from the concrete. The shearing force of the beam is transmitted to the CFST column through shear force resistance rings, annularly distributed steel brackets, and bearing pins welded to the tube wall. A shear force resistance ring is usually used together with a ring beam to transmit the shearing force of the beam; however, the CFST column is not sufficiently strong to bear the bending moment distribution and the stiffness of the connection is poor. Annularly distributed steel brackets enable the effective transfer of the shearing force of the beam to the CFST column. This, however, requires a significant amount of steel and welding work. In addition, the bearing pin that passes through the CFST column weakens the steel tube and also obstructs pouring of the concrete into the tube. To solve the above problems, the plate-studs connection configuration shown in Figure 1 was developed. The connection includes the CFST column, RC beam, outer steel pipe, studs, and vertical steel plate. The single-bar holes in the steel tube correspond to the locations of the longitudinal reinforcements of the RC beam, with all the reinforcements passing through the holes. The outer steel plates are used to reinforce the holes, and the plate-studs are welded to the tube wall.
The force-transfer mechanism is as follows. The bending moment of the RC beam is directly transmitted to the CFST column by the force couple acting generated through the tensile force of the reinforcement and the compressive stress of the concrete in the compression area. The shearing force of the RC beam is also transferred to the CFST column through the plate and studs. The advantage of this connection is the definite transmission path of the force and the minimal effect of the welding of the plate and studs on the stress concentration of the steel tube. This prevents tearing of the tube wall. The opening of the steel tube and the welding of the outer steel pipe and the plate and studs can be performed in the factory to minimize the amount of spot welding. In addition, the plate and studs are welded to the beam section and therefore do not affect the building aesthetics.
The key to designing a plate-studs connection is the determination of the ability of the plate and studs to transfer the shear force. Under the action of the shear force of the beam, the interface shear resistance is composed of three parts (see Figure 2 ):
where is the shear force of the interface, 1 is the natural shear bond force of the interface, 2 is the shear force of the vertical plate, and 3 is the shear force of the studs. The failure mechanism and the composition of the bearing capacity of each part were investigated by shear resistance testing of the interface.
Experimental Design

Test Specimens.
To investigate the shear resistance capacity of the interface of the plate-studs connection between the CFST column and RC beam, six groups of a total of 18 specimens were prepared, as shown in Figure 3 . All the test specimens had the same dimensions. Their detailed parameters are given in Table 1 . The steel tube was made from Q345B steel and had an outer diameter of 402 mm, thickness of 10 mm, and height of 600 mm. All the specimens were fabricated using C30-grade concrete based on the Chinese design code (2010). The measured strength parameters are given in Table 2 . The cross-sectional dimensions of the RC beam were 250 × 200 × 750 mm. The longitudinal reinforcement consisted of 12 HRB400 steel bars of diameter 16 mm and stirrups with a 4C8@50 arrangement. The height of the interface was 450 mm. The studs welded to the interface were ML15 studs of diameter 13 mm and length 80 mm, with a yield strength of 388.75 MPa and ultimate tensile strength of 455.75 MPa. The horizontal and vertical spacing of the studs were 100 and 75 mm, respectively. The vertical steel plates were made from Q235 steel and were 225 mm long and 200 mm high. They had varying thicknesses of 6, 10, and 14 mm, respectively. The measured mechanical properties of the steel plates are presented in Table 3 . Eight studs of diameter 10 mm were welded to each side of each vertical steel plate. The eight studs on each side of a plate had a 2 × 4 configuration with horizontal and vertical spacing of 50 and 100 mm, respectively.
The only vertical steel plates were those welded to the interfaces of specimens P1-P3, while plates and studs were welded to the interfaces of specimen PS1-PS3. The effects of the vertical steel plate thickness on the shear resistance of the interface were examined by comparing the P and PS group specimens, while the effects of the studs on the shear resistance of the interface were examined by comparing specimens P1 and PS1, P2 and PS2, and P3 and PS3, respectively. Figure 4 shows the test setup. A 4000 kN electrohydraulic servo-loading system was used to apply a vertical load to the top of the RC beam corresponding to the interface. A balance frame was set at the top of the CFST column to prevent lifting of the specimen. All the specimens were tested monotonically up to their ultimate load under controlled vertical loading. Beyond the ultimate load, the loading was displacement-controlled. The main measurements included the relative slip between the concrete and tube wall at the center of the vertical steel plate. The measurement points are shown in Figure 5 .
Test Setup and Loading Protocol.
Test Results
Failure Process and Mode.
The experimental observations and analysis of the test results for the six groups of the 18 specimens revealed that all the specimen failures were bondsplitting failures. As shown in Figure 5 , the failure process of a specimen was observed using a distance of 50 mm over the surface of the concrete along the height of the interface as the unit grid. The grid cells were identified by the letters A-E horizontally, with E lying close to the interface, and numbers 1-9 from the top to the bottom. at the interface between the tube wall and the concrete. At 75%-85% of the ultimate load, a fine horizontal crack appeared at the back of the concrete above the vertical steel plate and extended to the side. At the ultimate load, slanting cracks were seen along the upper part of the beam, reaching to the lower part of the free end. A vertical crack was also generated on the back surface of the beam. Under subsequent loading with displacement control, the cracks apparently expanded and a number of new diagonal cracks emerged from the first diagonal crack. A diagonal crack eventually became the main crack, and some of the concrete within the vertical steel plate was chipped off. As shown in Figure 6 , nine specimens from three groups exhibited this failure mode.
(2) Welded Plate-Studs at the Interface. In the initial stage of the loading, there was no crack in any of the specimens. When the load reached 14%-18% of the ultimate load, vertical microcracks appeared at the interface between the tube wall and the concrete. At 55%-75% of the ultimate load, two fine horizontal cracks appeared at the back of the concrete and extended to the side. One of them was at the top of the vertical steel plate, while the other was within the range of the plate. A diagonal crack also appeared within the range of the vertical steel plate under the same load. When the load reached 90% of the ultimate load, a number of slanting cracks appeared within the range of the vertical steel plate and expanded upward and downward. Horizontal cracks also appeared at the points where the studs were welded to the tube wall, while vertical cracks appeared at the back of the beam. Under subsequent loading with displacement control, the cracks apparently expanded and the concrete behind the vertical steel plate was chipped off. As shown in Figure 7 , nine specimens from three groups exhibited this failure mode.
The cracking load of the concrete, the ultimate load of the specimen, and the slip corresponding to the ultimate load are presented in Table 4 .
Load-Slip Curves.
Relative slip between the concrete and the tube wall at the center of the vertical steel plate occurred under loading. The obtained load-slip curves are shown in Figure 8 . It can be seen that there is no relative slip between the concrete and the tube wall until the load reaches 15%-20% of the ultimate load. This indicates that the RC beam and CFST column are well bonded and function in tandem. Relative slip begins under 55%-80% of the ultimate load, although it is very small. Thereafter, the growth rate of the slip gradually increases. At 90% of the ultimate load, the slip rapidly develops. Beyond the ultimate load, the load decreases sharply. The load tends to stabilize after dropping to 45%-40% of the ultimate load, but the slip continues to develop under plastic conditions. 
Analysis of Results
Typical Load-Slip
Curve. Based on the above specimen analyses, the typical load-slip curve, which gives an insight into the shear resistance of the interface specimens, was obtained, as shown in Figure 9 . It can be seen that the curve comprises four stages, namely, the no-slip stage, the increasing bond slip stage, the rapid decrease stage, and the stable stage.
(1) No-Slip Stage (OA). In this stage, the natural bond force between the steel tube wall and the concrete bears the vertical load, and there is no relative slip between the steel plate and the concrete. The RC beam and CFST column are well bonded under this condition. When the cement gel at the interface is cut, the natural bond force is overcome, and there is relative slip between the tube wall and the concrete. The studs welded to the vertical steel plate strengthen the bond between the vertical steel plate and the concrete, delaying internal cracking of the concrete and thereby reducing the relative slip between the tube wall and the concrete. The load at this stage is 55%-80% of the ultimate load.
(2) Increasing Bond Slip Stage (AB). When the load reaches (3) Rapid Decrease Stage (BC).
When the load reaches the ultimate load, the relative slip between the tube wall and concrete significantly develops, with the crack width increasing. Due to the crushing of the concrete under the studs and splitting of the back of the RC beam, the load rapidly decreases.
(4) Stable Stage (CD).
After the decrease of the load to a certain level, the internal cracks at the interface between the vertical steel plate and the concrete basically stabilize. At this stage, the concrete crystal has been fully crushed and the normal stress, frictional resistance, and mechanical interlocking of the interface are almost constant. However, the slip continues to develop, resulting in unstable plastic flow conditions in the bond.
The specimens with only welded vertical steel plates at their interface obviously exhibit the above four stages. In the case of the specimens with welded plate-studs at their interface, the full development of the concrete cracks causes the slope of the rapid decrease stage to be steeper, and the stable stage is not obvious.
Effect of Vertical Steel Plate
Thickness. The effect of the vertical steel plate thickness on the load-slip curve is shown in Figure 10 . From Figure 10 and Table 4 , it can be seen that the shear resistance of the interface increases with increasing thickness of the vertical steel plate. In addition, the time required for the initial cracking of the concrete shortens and the slope of the rapid decrease stage increases. Figure 11 shows the effect of the welded studs on the load-slip curve for a given vertical steel plate thickness. From the figure, it can be seen that welding of the studs improves the shear resistance capacity of the interface.
Effect of Studs.
Comparison of the PS1 and P1, PS2 and P2, and PS3 and P3 specimens reveals improvements of 0.5%, 13.9%, and 6.3%, respectively. The performance of the specimen with a 10 mm thick vertical plate and 3 × 2 studs is optimal.
Calculation of Shear Resistance
Capacity of Interface
Shear Resistance of Interface with Only Welded Vertical
Steel Plate. Under the action of the vertical load , the interface shear resistance of the P1-P3 specimens (with only the welded vertical steel plate at the interface) had two components, namely, the natural bond force of the interface and the shear capacity of the vertical steel plate. This is illustrated in Figure 2 .
The possible failure modes of the specimens of the three groups are shearing failure of the weld seam of the vertical steel plate root, shearing failure of the vertical steel plate root, and splitting failure of the concrete. The shear capacity of the interface is the least among the bearing capacities under the three failure modes.
With regard to the bond shear strength between the steel tube and the concrete outside the tube, Qian et al. (2015) suggested a value of 0.7 MPa [20] . On this basis, the natural shear bond force of the interface is given by
where is the bond strength between the steel tube and the concrete and and ℎ are, respectively, the length and height of the interface. Under the first two of the above failure modes, the shear capacity of the vertical steel plate can be calculated according to the Design Code for Steel Structures GB50017-2003. In the case of concrete splitting failure, the shear capacity of the vertical steel plate consists of two parts, namely, the shear strength determined by the local compressive bearing capacity of the concrete at the top of the vertical steel plate and the shearing force of the concrete crushed by the studs welded to the vertical steel plate. This is expressed by
The local compression bearing capacity of the concrete at the top of the vertical steel plate is calculated as follows:
where 1 is the action area of the local pressure and is the local compressive strength coefficient of the concrete, considered to be 1.5. The shearing force of the concrete crushed by the studs welded to the vertical steel plate is calculated as follows:
where is the sum of the cross-sectional areas of the studs, is the elastic modulus of the concrete, is the axial compressive strength of the concrete, is the ultimate tensile strength of the studs, and is the reduction coefficient of the group stud effect, which can be calculated by the following equations [7] : 
where is the ratio of the spacing to the stud diameter. In this paper, the failure mode of the test specimen with only the vertical steel plate at the interface is bondsplitting failure of the concrete, and the shear capacity can be calculated using
Mathematical Problems in Engineering The experimentally determined and calculated shear forces are presented in Table 5 , from which good agreement can be observed between the two sets of results. Taking into account the horizontal and longitudinal group arrangement effect, = 0.7.
Shear Resistance Force of Interface with Welded Plate-
Studs. The PS1-PS3 specimens had the plate-studs at their interface. The added studs had three effects: inducement of concrete splitting tensile failure; local crushing failure of the concrete under the studs; and stud shear failure. The shear capacity of the studs is the least among the bearing capacities under the three failure modes.
The shearing force of the studs under concrete splitting failure is given by
where 2 is the splitting area and is the tensile strength of the concrete.
Under local crushing failure of the concrete and stud shear failure, the shearing force of the studs is given by (6) .
In this study, the failure mode of the test specimens with welded plate-studs at their interface was bond-splitting failure of the concrete, and the shear capacity was calculated using
The experimentally determined and calculated shear forces are presented in Table 5 , which reveals good agreement between the two sets of results.
Care should be taken so that (2)- (10) are suitable for the specimens that exhibit bond-splitting failure.
Conclusions
In the present study, a new connection of the longitudinal reinforcements of the RC beam was developed, wherein the reinforcements were passed through the panel zone of the connection between the CFST column and RC beam. Studs and a vertical steel plate were welded to the tube wall to transfer the shear force of the RC beam to the CFST column.
The shear resistance capacity of the interface was investigated using six groups of a total of 18 specimens. The following is a summary of the major findings of the study.
(1) When the concrete of the RC beam is C30, the failure mode is bond-splitting failure of the concrete.
(2) The interface of the plate-studs connection proposed in this paper has a high shear bearing capacity, and the corresponding peak load is within 1.5 mm. This indicates that, through a reasonable design, the welded plate and studs at the interface can be used to effectively transfer the shear force of the RC beam to the CFST column.
(3) An equation for calculating the shear bearing capacity of the connection interface between the CFST column and RC beam was derived, and its results were found to be in good agreement with experimental measurements.
